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 2 
Abstract  26 
The recombinant protein production platform based on the GAP promoter and Pichia pastoris 27 
as a host has become a very promising system from an industrial point of view. The need for 28 
highly productive bioprocesses gives grounds for the optimization of fermentation strategies 29 
maximizing yields and/or productivities, which are often associated with cell growth. 30 
Coherent with previous studies, a positive effect of high specific growth rate (μ) on the 31 
productivity was observed in carbon-limited chemostat cultivations secreting an antibody 32 
fragment. Notably, no significant impact of this factor could be observed in the balance intra- 33 
and extracellular of the product. Accordingly, fed-batch cultures operating at a constant high 34 
μ were conducted. Furthermore, short carbon-starving periods were introduced along the 35 
exponential substrate feeding phase. Strikingly, it was observed an important increase of 36 
specific production rate (qP) during such short carbon-starving periods in relation to the 37 
exponential substrate feeding intervals. Therefore, the application of carbon-starving periods 38 
as an innovative operational strategy was proposed, resulting into increments up to 50% of 39 
both yields and total production. The implementation of the proposed substrate feeding 40 
profiles should be complementary to cell engineering strategies to improve the relation qP vs 41 
μ, thereby enhancing the overall bioprocess efficiency. 42 
 43 
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1. Introduction 49 
Currently, a wide range of products such biopharmaceuticals, organic acids, antibiotics, 50 
enzymes or amino acids are industrially produced in biological systems using bioprocess 51 
technology [1]. Over the last two decades, bioengineering has made a significant progress on 52 
the production of heterologous proteins of both therapeutic and industrial interest, being one 53 
of the most successful and profitable bioprocesses [2].  54 
Among all the suitable host organisms commonly used for its production, the methylotrophic 55 
yeast Pichia pastoris is considered one of the most effective and versatile expression system 56 
[3,4]. The combination of traits that makes P. pastoris a very interesting cell factory for 57 
recombinant protein production has been extensively described in several reviews [5,6]. 58 
Although this yeast is mainly known for its strong methanol-inducible AOX1 promoter (PAOX1) 59 
[7,8], during the last years, the constitutive production driven by the GAP promoter (PGAP) has 60 
been perceived as an efficient alternative production strategy to avoid the use of methanol in 61 
the bioprocess [9,10]. A comparison between the advantages and drawbacks of both 62 
production alternatives can be found in the literature, in which PGAP-based processes offer 63 
important advantages from an industrial point of view, such important decreases on heat 64 
production and oxygen requirements of the processes [11,12]. Hence, several alternative 65 
fermentation strategies have been extensively studied for this expression system [13,14].  66 
A key advantage of P. pastoris as a host in front of other alternatives, especially the 67 
prokaryotic systems, is its ability to secrete the product to the cultivation broth, which 68 
facilitates importantly the downstream processes [15]. In addition, the passage of proteins 69 
through the secretory pathways permits posttranslational events that usually are essential for 70 
the biological activity of the proteins [16]. Nevertheless, high levels of heterologous protein 71 
expression can lead to saturation or overloading of the secretory pathways, where the product 72 
is accumulated intracellularly and often also degraded, resulting into an important decrease of 73 
the production yield. This fact is often considered a major bottleneck of great importance for 74 
this biotechnological process development [17–19]. 75 
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To study the effect of the secretory pathway saturation on the bioprocess efficiency, it is of 76 
capital interest the reliable quantification and recovery of the total amount of product 77 
accumulated intracellularly along a cultivation [20,21]. Some previous studies focused on the 78 
efficacy of high-pressure homogenization disruption procedures on methanol-based 79 
cultivations, as it is known that cells growing on this substrate present a significant widening 80 
of the cell wall thickness [22,23]. In addition, since an important amount of the protein of 81 
interest is expected to be retained through the secretory pathway, besides the soluble part of 82 
the cell lysates, the insoluble fraction must be taken into account in order to avoid an 83 
underestimation of the target product, as it contains the cell membranes, endoplasmic 84 
reticulum (ER), Golgi and other organelles where the protein of interest may be retained [24]. 85 
A reliable quantification of the product present in the insoluble fraction requires an extraction 86 
procedure that involves the use of detergents, which its efficiency is protein-dependent.  87 
Previous studies concerning the PGAP-based expression system described an important effect 88 
of the specific growth rate () on the bioprocess productivity in both chemostat and fed-batch 89 
cultivations. These studies conclude that a high  positively affects the production rates of 90 
protein [25,26]. The most commonly used cultivation strategies for this system are relatively 91 
simple, these are basically based on the implementation of feeding rate profiles for the 92 
substrate addition that maintain the desired specific growth rate; constant feeding rate for 93 
chemostat operations, and pre-programmed exponential feeding profiles for fed-batch 94 
cultivations [11,13]. On the other hand, Kern et al. [27] described an important productivity 95 
increase of proteins driven by PGAP upon short-time depletion of glucose. This effect was 96 
observed in shake-flask cultures, but it has not been reported for high-density fed-batch 97 
cultures. 98 
The aim of the present work is to systematically elucidate the effect of the specific growth 99 
rate on protein secretion capacity by studying the balance intra- and extracellular of product 100 
in carbon-limited chemostat cultures of P. pastoris growing in a wide range of dilution rates. 101 
Based on these studies, high-cell density fed-batch cultures at high specific growth rate were 102 
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conducted to both study the effect of carbon source starvation periods on the secretory 103 
efficiency of the recombinant protein and in the overall process productivity and yields, all 104 
together as an innovative operational strategy. 105 
A strain expressing the human 2F5 antigen-binding fragment (Fab), has been used as model 106 
protein in this work. Fabs have a wide range of applicability as therapeutic agents [28] and 107 
are complex proteins composed by different domains connected via disulfide bonds [29], 108 
which makes them a suitable model protein for studying the efficiency of recombinant protein 109 
production processes. 110 
 111 
2. Materials and methods 112 
2.1.  Strain 113 
A P. pastoris strain X-33 expressing both light and heavy chain genes of the human Fab 2F5 114 
under the control of the constitutive GAP promoter was used in this study. This yeast strain is 115 
able to secrete the Fab to the medium by means of the Saccharomyces cerevisiae -mating 116 
factor signal sequence. The details of the strain construction were described previously [29]. 117 
2.2.  Fermentation 118 
The preparation of the inoculum cultures for the cultivations in bioreactors were performed as 119 
described by Garcia-Ortega et al. [11]. 120 
2.2.1. Chemostat cultivation 121 
Chemostat cultivations were performed in a 2 L Biostat B Bioreactor (Braun Biotech, 122 
Melsungen, Germany) at a working volume of 1 L. Cells were grown under carbon-limiting 123 
conditions at wide range of dilution rates (D) from 0.025 to 0.15 h
-1
. The cultivation were 124 
carried out using the batch and chemostat medium compositions detailed elsewhere [13]. 125 
Minor differences were applied to the cited compositions, which are detailed below. Glucose 126 
concentration was 50 g L
-1
, Biotin 0.02% (1 mL), PTM1 (1.6 mL) trace salts stock solution 127 
(also described by Maurer et al. 2006) and antifoam Glanapon 2000kz (0.2 mL; Bussetti & 128 
Co GmbH, Vienna, Austria) were added per liter of chemostat medium. 129 
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Culture conditions were monitored and controlled at set points: temperature, 25 °C; pH, 5.0 130 
with addition of 15% (v/v) ammonium hydroxide; culture vessel pressure, 1.2 bars; pO2, 131 
above 20% saturation by controlling the stirring rate between 600 and 900 rpm during the 132 
batch phase, in the continuous phase it was kept constant at 700 rpm; air gas flow, 0.8 vvm by 133 
means of thermal mass-flow controllers (TMFC; Bronkhorst Hi-Tech, Ruurlo, The 134 
Netherlands). An exhaust gas condenser with cooling water at 4ºC minimizes mass loses by 135 
water evaporation and other volatile compounds. In all the experiments, the continuous 136 
cultivations were carried out for at least for five residence times (τ to reach steady state 137 
conditions before taking samples. 138 
2.2.2. Fed-batch cultivation 139 
Fed-batch cultivations were performed aiming to achieve pseudo-steady-state conditions for 140 
specific rates during carbon-limiting growth as previously described [11]. In brief, cells were 141 
grown at 25 ºC, pH=5 by adding ammonium hydroxide (30%, v/v) and pO2 above 20% of 142 
saturation by controlling the stirring speed between 600 and 1200 rpm and using mixtures of 143 
air and O2 at total aeration within 1.0 and 1.25 vvm. All the fed-batch cultivations were 144 
carried out at the same specific growth rate, 0.15 h
-1
, by means of the implementation of a 145 
pre-programmed exponential feeding rate profile for substrate addition derived from mass 146 
balance equations. In addition, determined stops in the feeding profiles were scheduled in 147 
order to study the effect of controlled carbon-starving conditions. 148 
2.3.  Cell disruption and protein extraction 149 
2.3.1. High-pressure homogenisation 150 
Fermentation broth samples corresponding to an initial OD600 ≈ 125 were harvested by 151 
centrifugation (4500 g, 3 min, 4 ºC) and pellets were washed twice in cold PBS (pH 7.0) in 152 
order to remove all media components and other contaminants. Cells were then resuspended 153 
in 8 mL of cold breaking buffer (PBS, pH 7.0, 1mM PMSF, phenylmethylsulfonyl fluoride) 154 
and disrupted by high-pressure homogenization using a One-Shot Cell Disrupter (Constant 155 
Systems Ltd, Deventry, UK). Once disrupted, homogenates were clarified by centrifugation 156 
(15000 g, 30 min, 4 ºC). Supernatants were collected and stored as soluble cytosolic fraction 157 
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(SCF) while pellets were kept as the insoluble membrane fraction (IMF). The whole 158 
disruption process was carried out at low temperature in order to preserve protein properties 159 
as well as to avoid possible protease activity. In addition, the PMSF added in the breaking 160 
buffer was used as a protease inhibitor. 161 
2.3.2.  Evaluation of cell disruption efficacy 162 
Cell number was determined after each disruption pass by means of flow cytometry assays 163 
(Guava EasyCyte
TM
 Mini cytometer, Millipore, Hayward, CA, USA). The extent of disruption 164 
was expressed as:   165 
           
    
 
      (1) 166 
Where X (%) is the degree of disruption; n, the initial number of cells before disruption; ni, 167 
number of non-disrupted cells after each pass. Determinations were performed by triplicate. 168 
Relative standard deviation (RSD) was estimated to be about 2%. 169 
2.3.3. Protein extraction from insoluble membrane fraction (IMF) 170 
Protein extraction was carried out in chilly conditions. Fraction pellets were resuspended by 171 
pipetting in 1 mL extraction buffer supplemented with detergent and then vortexed. Extracts 172 
were incubated in gently shaking at 4 ºC, clarified by centrifugation (2300 g, 5 min, 4 ºC) 173 
and supernatants were stored as IMF extracts.      174 
For the initial study focused on a screening for the detergent and buffer optimization, three 175 
different buffers were compared for the target protein extraction. Buffer A: 50 mM Tris-HCl 176 
pH 7.4, 300 mM NaCl, 5 mM EDTA, 1 mM PMSF; Buffer B: 10% glycerol, 20 mM HEPES 177 
pH 7.0, 100 mM NaCl, 1 mM PMSF; Buffer C: 8% glycerol, 10 mM sodium phosphate pH 178 
8.0, 5 mM EDTA, 500 mM NaCl, 1 mM PMSF. In addition, all the extraction buffers were 179 
also supplemented with 1% of three different detergents, Tween 20, Triton X-100 and 180 
CHAPS (Sigma-Aldrich, St. Louis, MO, US) for the detergent-buffer screening.  181 
Once the optimal combination of buffer and detergent was selected, different CHAPS 182 
concentrations (1-2.5%) and incubation time (0h, 2h and overnight-16h) were tested in order 183 
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to elucidate a possible effect of the detergent concentration and incubation time in the Fab 184 
extraction efficiency.  185 
2.4. Analytical methods 186 
2.4.1. Biomass determination by dry cell weight (DCW) 187 
P. pastoris biomass concentration of the cultivations samples was determined as DCW using 188 
the method described elsewhere [30]. Determinations were performed by triplicate. RSD was 189 
estimated to be 3%.  190 
2.4.2. Quantification of the Fab 2F5 antibody  191 
Fab 2F5 was quantified in secreted fractions, as well as in the SCF and the IMF. Fab 2F5 192 
concentration was measured by sandwich ELISA as previously described [31]. 193 
Determinations were performed by triplicate. RSD was estimated to be 4%. 194 
2.4.3. Total protein quantification  195 
Total protein was determined with the bicinchoninic acid protein assay kit (Pierce BCA 196 
Protein Assay, Prod. No. 23225, Rockford, IL, USA), according to the manufacturer’s 197 
instructions. Bovine serum albumin (BSA) was used as the protein standard for the calibration 198 
curve.  Determinations were performed by triplicate. RSD was estimated to be 3%. 199 
2.4.4. Carbon source and by-products quantification  200 
Glucose, arabitol, glycerol and ethanol concentrations were determined by HPLC with a HP 201 
1050 liquid chromatograph (Dionex Corporation, Sunnyvale, CA, USA) using an ICSep ICE 202 
COREGEL 87H3 column (Transgenomic Inc., Omaha, NE, USA). The mobile phase was 8 203 
mM sulphuric acid. Injection volume was 20 L. Data was quantified by Chromeleon 6.80 204 
Software (Dionex Corporation, Sunnyvale, CA, USA). Determinations were performed by 205 
triplicate. RSD was estimated to be below 1%. 206 
2.4.5. Off-gas analyses 207 
A quadrupole mass spectrometer (Balzers Quadstar 422, Pfeiffer-Vacuum, Asslar, Germany) 208 
was used for on-line exhaust gas analysis in chemostat cultivations. Exhaust gas humidity was 209 
reduced by using a condenser (water at 4 ºC) and two silica gel columns. The Faraday cup 210 
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detector was used for its simplicity, stability, and reliability, determining responses of m/z 211 
corresponding to the major gas peaks (N2: 28, O2: 32, CO2: 44, Ar: 40).  212 
2.5. Process parameters determination, consistency check and data reconciliation 213 
2.5.1. Mass balance and stoichiometric equations 214 
The oxidative and oxidoreductive growth can be described on a C-molar basis by a single 215 
overall reaction, a so-called Black Box model, which is a simplification of all the biochemical 216 
reactions involved:  217 
        
         
          
          
           (2) 218 
where S denotes one single limiting substrate as the carbon and energy source; O2, oxygen; X, 219 
biomass; CO2, carbon dioxide; P, products. Y
*
i/s are stoichiometric coefficients that can also 220 
be called overall “i” component-substrate yields.  221 
Specific rates (qi) typically conversions rates related to the biomass concentration (equation 222 
3). Yields are defined as ratios between rates (equation 4) and positive. 223 
   
  
 
         (3) 224 
     
  
  
 
  
  
         (4) 225 
From off-gas results obtained with the mass spectrometer O2 and CO2 balances were carried 226 
out in order to estimate accurately the oxygen uptake rate (OUR), carbon dioxide production 227 
rate (CPR), and respiratory quotient (RQ), as well as their corresponding specific rates for O2 228 
and CO2.   229 
For an ideal stirred tank-reactor, considering conversion rates of biomass formation, substrate 230 
uptake and product formation, the following mass balance equations for the continuous 231 
operation at steady state can be formulated: 232 
 
 
 
 
 
 
  
  
   
     
 
 
 
 
   
 
 
 
 
 
      
             
      
     
      
 
 
 
 
       (5) 233 
where μ is the specific growth rate (h–1); qS, specific substrate uptake rate (g g
–1 
h
–1
); qP, 234 
specific production rate (μg Fab g–1 h–1); qO2, specific oxygen uptake rate (mol g
–1 
h
–1
); qCO2, 235 
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specific carbon dioxide production rate (mol g
–1 
h
–1
); F, substrate feeding rate (L h
–1
); Fout, 236 
outlet flow rate (L h
–1
); V, volume of broth in the reactor (L); S0, substrate feeding 237 
concentration (g L
–1
); OUR, oxygen uptake rate (mol L
–1 
h
–1
); CPR, carbon dioxide 238 
production rate (mol L
–1 
h
–1
). Fout, the outlet flow rate can be obtained by the total mass 239 
balance for an ideal stirred tank reactor in continuous operation at steady state, as follows: 240 
     
                                         
      
        (6) 241 
where FEvap is the water evaporation rate (L h
-1
); FBase, base feeding rate (L h
-1
); FO, 242 
withdrawal rate (L h
-1
); MGAS, net mass gas flow rate (g h
-1
); ρFeed, substrate feed density (g L
-243 
1
); ρH2O, water density (g L
-1
); ρBase, base density (g L
-1
); ρBroth, mean broth density (g L
-1
). The 244 
net mass gas flow rate is calculated with the equation (6): 245 
                                    (7) 246 
where WO2 is the oxygen molar mass (g mol
-1
); WCO2, carbon dioxide molar mass (g mol
-1
). In 247 
case of product stripping for ethanol or any other compound, an additional term is included in 248 
equation (4) in order to not underestimate its corresponding specific rate. Substrate and 249 
product concentrations were referred to the whole medium, including biomass volume [32]. 250 
Corresponding equations to fed-batch culture were previously described [11]. 251 
2.5.2. Consistency check and data reconciliation 252 
The consistency of the measurements was checked by standard statistical tests considering 253 
elemental balances as constraints [33]. Five key specific rates in the black-box process model: 254 
biomass generation (µ), glucose uptake (qs), product formation (qp), oxygen uptake (qO2), and 255 
carbon dioxide production (qCO2) were measured. Carbon and redox balance were used as 256 
constraints and protein production considered negligible within these balances.  257 
The χ2-test performed (α=0.95) for all the experimental data obtained from chemostat 258 
cultivations showed the measurements satisfied mostly the stoichiometric model and hence, 259 
both C-balance and e-balance. Data reconciliation procedures were used to obtain the best 260 
estimates of reaction rates to fit constraints imposed [34]. 261 
 262 
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3. Results and discussion 263 
Previous studies on recombinant protein production in P. pastoris under the control of the 264 
constitutive GAP promoter have reported that high specific growth rate () positively affects 265 
the production rates of secreted proteins [11,13,35]. This important productivity increase has 266 
been related to the transcriptional regulation of certain genes [26,36], as well as to the 267 
capacity of the secretory pathways to release the recombinant protein to the cultivation broth 268 
[25,37]. In fact, although the biological mechanisms that drive the correlation between protein 269 
secretion and growth are complex and by far not fully understood, protein secretion has been 270 
considered an important bottleneck in the recombinant protein production processes, at least 271 
at high  [18,25,38].  272 
In order to evaluate the impact of growth conditions on the secretion efficiency of the target 273 
protein, initially was performed a comparative study of the extracellular/intracellular product 274 
ratio among cells growing at different specific growth rates. For this purpose, cell disruption 275 
and protein extraction procedures were specifically optimized in terms of cell disruption 276 
settings, extraction buffers and detergent choice for our protein of interest (Fab 2F5), host 277 
strain and growth conditions. 278 
3.1. Cell disruption and protein extraction procedures 279 
Disruption of P. pastoris cells by using One-Shot Cell Disrupter was optimized for the 280 
recovery of an antibody fragment (human Fab 2F5) produced by P. pastoris growing on 281 
glucose, which its expression was regulated by the constitutive GAP promoter.  282 
Initially, cell number of the fermentation samples were counted by flow cytometry, and then 283 
disrupted at 2 kbar or 2.5 kbar for 1 to 8 passes. Cell cytometry was used as direct indicator of 284 
cell disruption, since cell counting has been described as the most accurate and reproducible 285 
measure of cell rupture [39] (Fig. 1A). From the flow cytometry assays, percentage of 286 
disruption was calculated using Eq. 1. Percentage of cell disruption and Fab releasing levels 287 
in front of pressure disruption and number of passes is showed in Fig. 1B.  288 
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No major differences were observed in terms of cell disruption between using 2 kbar or 2.5 289 
kbar. Otherwise, an important increase in the extent of cell disruption from one disruption 290 
pass to two has been observed, while further passes only increased it slightly. In relation to 291 
Fab recovery levels, the amounts were similar when using 2 kbar regardless the disruption 292 
passes, while a decrease on Fab recovery was observed when using 2.5 kbar as working 293 
pressure.  Thus, 2 passes at 2 kbar were selected as the optimal working conditions for Fab 294 
2F5 recovery.  295 
In order to achieve a reliable quantification of intracellular proteins and its potential recovery, 296 
a protein extraction step is necessary to determine the proteins associated to the membrane 297 
fraction and cell organelles present in the IMF. Hence, reaching an accurate determination of 298 
the total amount of target protein retained intracellularly allows comparing the effects caused 299 
by different cultivation conditions.  300 
Different buffers (A, B, C; described in Materials and Methods section) were selected from 301 
the bibliography [40–42] and compared for extraction efficiency when combined with 1% of 302 
three different detergents (Tween20, Triton X-100 and CHAPS). Previous studies used SDS 303 
as detergent, but this component was discarded as it interferes with the Fab detection system 304 
(data not shown). In Fig. 2 can be observed that the best detergent was CHAPS, being Buffer 305 
B the one leading to the best levels of Fab extraction. It must be taken into account that the 306 
extraction step is a protein dependent process, where the optimal detergent would change 307 
depending on protein characteristics.  308 
Different CHAPS concentrations and different incubation times at 4 ºC were tested in order to 309 
improve Fab extraction. The amounts of solubilised Fab are shown in Figure 3. It was 310 
observed that longer incubation times (overnight incubation) resulted in 2.5-fold increase of 311 
Fab determination. The tested concentrations of CHAPS did not have a significant impact on 312 
Fab extraction. Thus, the final selected extraction conditions were 1% CHAPS with Buffer B 313 
incubated for 16 h (overnight) at 4 ºC.  314 
Thereby, it can be concluded that the developed method improves specifically the overall Fab 315 
quantification and recovery by the reliable extraction of protein retained intracellularly, both 316 
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from the soluble and the insoluble fraction. Regardless the different culture conditions carried 317 
out the IMF fraction represents the 25% of the total protein retained.  318 
3.2. Effect of the specific growth rate on the protein retained intracellularly 319 
A set of carbon-limited chemostat cultivations of the recombinant strain growing at different 320 
specific growth rates between 0.025 and 0.15 h
-1
 was carried out. Data was obtained from 321 
samples taken after, at least, 5 residence times, from when it is considered that the steady 322 
state of the culture is reached. The closure of carbon and redox balances calculated for all the 323 
culture conditions compared in the present work were always above 95%. Additionally results 324 
were validated using the standard data consistency check and reconciliation procedures 325 
described in materials and methods section. These tests confirm the robustness and the 326 
reliability of the results obtained from the chemostat cultivations performed. 327 
The main specific rates of the cultivation are plotted in Fig 4A. The parameters related to cell 328 
growth (qGlu, qO2 and qCO2) presented a similar behaviour; they increased according to the . 329 
In contrast, RQ remained constant since the proportion between qO2 and qCO2 was rather 330 
constant. The amount of the 2F5 Fab and its distribution in the different fractions studied, as 331 
fermentation broth as well as SCF and IMF of the cell lysates, were compared between the 332 
different culture conditions tested (Fig. 4B). As described by other authors, qP presented a 333 
rather linear increase as  was also increasing; for the highest, it was observed up to an 8-fold 334 
increase respect to the lowest (47.0 μg Fab gX h
-1
 for μ = 0.15h-1 respect to 6.3 μg Fab gX h
-1
 335 
for μ = 0.025h-1). In contrast, no important effect of the specific growth rate was observed in 336 
Fab distribution among the different fractions studied; for all the cases, around 90% of the 337 
Fab was secreted, 7.5% and 2.5% was detected respectively in the SCF and the IMF. It is also 338 
important to mention that, accordingly to qGlu variation on µ shown in Figure 4A, a significant 339 
decrease of the overall biomass yield at low  was observed, which is due to the higher 340 
proportion of maintenance energy requirements respect the total energy available for growth 341 
[43]. 342 
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The cause of this important qP increase have been discussed by other authors, who attributed 343 
this effect to several factors. As described Stadlmayr et al. [36], since the expression of the 344 
target protein is driven by the glycolytic GAP promoter and its transcription levels are directly 345 
related with the glycolytic flux, and thus specific growth rate, an important increase of 346 
recombinant protein transcription levels takes place at increasing . In addition, Rebnegger et 347 
al. [26] studied the effect of different specific growth rates on the transcriptome of P. 348 
pastoris, describing significant changes in  the regulation of important groups of genes at 349 
high that also contributes to the positive effect in the qP. Specifically, upregulation of 350 
translational and UPR genes such those implied in the translocation to ER, the enhance 351 
protein folding in ER and cytosolic chaperones; and downregulation of proteolytic 352 
degradation of proteins in the secretory pathway and exocytosis related genes. Thus, although 353 
important genes of the secretory pathway are upregulated at high , the exocytosis processes 354 
may constitute, in fact, the real important bottleneck for the protein secretion. However, from 355 
the results presented in this section, there is not a significant intracellular accumulation of 356 
protein of interest regardless the specific growth rate, even at high ’s, when the secretory 357 
pathways are supposed to be saturated. It may be due to proteolytic degradation processes that 358 
take place in the proteasome, considered an important sink for recombinant protein in P. 359 
pastoris [40]. This protein degradation mechanism is regulated by the quality control that 360 
takes places in the ER, in which, while the secreted proteins are released into transport 361 
vesicles, the misfolded and the excess of proteins that cannot be secreted are degraded by ER-362 
associated degradation (ERAD) [44,45]. 363 
Therefore, it can be concluded that the specific growth rate has an important impact on the 364 
total recombinant protein production of this expression system. This parameter regulates the 365 
transcriptional levels the target protein, as well as several groups of genes that promote the 366 
synthesis, processing and secretion of recombinant proteins expressed under PGAP regulation 367 
at high ’s. However, no significant effect could be observed in the balance intra- and 368 
extracellular of the product. Therefore, the low fraction of Fab retained intracellularly in any 369 
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of the conditions tested does not justify the implementation of the recovery of the non-370 
secreted proteins in a real bioprocess in order to improve its efficiency.  371 
3.3. Implementation of carbon-starving periods within carbon-limited fed-batch 372 
processes 373 
The previously described correlation between qP and µ has been widely exploited in order to 374 
reach either the maximum protein titres and/or productivities in fed-batch cultures by the 375 
implementation of feeding profiles that allows achieving optimal specific growth rates 376 
[11,13,46]. From the different strategies proposed, the pre-programmed exponential feeding 377 
rate profile for substrate addition to maintain a very high constant  in carbon-limiting 378 
conditions lead to the best results in terms qP. Furthermore, it has the advantage to be the 379 
simplest to carry out in any standard fed-batch cultivation system. 380 
On the other hand, as mentioned in the introduction section, Kern et al. [27] described an 381 
important productivity increase of proteins regulated by PGAP for a short-time after the 382 
depletion of glucose. However, the work did not hypothesize about the causes that could lead 383 
to the rapid increase of protein synthesis during short periods and the potential applications on 384 
bioreactor cultures. Thus, this work aimed to study the implementation of short carbon-385 
starving periods in fed-batch cultivations based on pre-exponential feeding rate profiles at 386 
high specific growth rates and its effect on the recombinant protein production rates and 387 
yields, as well as its distribution among the different cell fractions analysed. From the 388 
particular characteristics of this exponential feeding rate profile, no glucose accumulation in 389 
the culture broth should be expected. Thus, it can be considered that, rapidly, all glucose fed 390 
is totally consumed. Consequently, a period in which the glucose feeding is stopped results 391 
into carbon-starving conditions for the cells.  392 
Fig. 5 presents the basic features of the implementation of 30 min carbon-starving periods 393 
every 3 h of standard pre-exponential feeding profile. In Fig. 5a the innovative profile is set 394 
side by side with the conventional strategy.  In addition, qP profiles are also compared, from 395 
which it can be observed that during the periods when the feeding is stopped, and thus the 396 
cells are subjected to carbon-starving conditions, there is a very important increase of the 397 
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specific production rate, the effect that was aimed to be exploited in this work.  In Fig. 5b the 398 
time profile of fed glucose and Fab titration are compared showing that the total amount of 399 
glucose added in to the system is equivalent as ending criteria used, but in a longer time; in 400 
contrast, the production of Fab is significantly higher, which supposes a very important 401 
increase in the substrate to product yield.  402 
Therefore, the objective was to compare different combinations of carbon feeding and 403 
starvation periods in order to determine the strategy that leads to the maximum increase 404 
production at the end of the fed-batch. The different feeding strategies carried out are 405 
presented in Table 1, in which were compared feeding periods of 1.5 and 3 h, as well as 406 
carbon-starving periods of 0.5 and 1 h. For all the cases, the imposed ending criterion, which 407 
allows a systematic comparison among the feeding profiles, was considered the total amount 408 
of glucose fed into the system.  The different feeding strategies did not affect to the growth 409 
parameters of P. pastoris. After the starving periods the yeast started to consume the glucose 410 
added immediately and the substrate to biomass yield was not affected, thus the final amount 411 
of biomass achieved was always around 100 g DCW L
-1
. In Fig. 6 are plotted the secreted Fab 412 
production time profiles of the different strategies tested, the main production parameters of 413 
the system are also presented in Table 2. All the new strategies implemented achieved 414 
important increases of Fab production in terms of product titration in the broth, as well as in 415 
product to substrate (YP/S) and product to biomass (YP/X) yields. The range of increases was 416 
between 15% for the strategy A and more than 40% for the strategy C. However, in terms of 417 
specific production rate, the results obtained applying the innovative feeding strategy were 418 
not always better respect to the conventional pre-exponential feeding profile. The strategies B 419 
and C lead to moderate specific production rate enhancements, between 5 and 10%. On the 420 
other hand, for the strategy concerning the longest carbon-starving periods (Strategy A, 1 h of 421 
starvation), even though the total Fab produced was significantly higher, its productivity rates 422 
were significantly lower. This fact is due to increased bioprocess times because of the carbon-423 
starving periods. When cell productivity during the carbon-starving periods is not higher than 424 
in the growing periods, the overall bioprocess productivity levels will end up being lower. 425 
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Considering all the compared production parameters, strategy C, based on the combination of 426 
1.5 h of feeding followed by 0.5 h of starvation, lead to the best results. The production 427 
increment presented can be considered as an important operational improvement for the PGAP -428 
based expression system. A similar intermittent feeding strategy was previously proposed by 429 
Heo et al. [47] for fed-batch cultivations of the yeast Hansenula polymorpha presenting 430 
positive results respect to the conventional feeding profiles. 431 
In addition, the amount of Fab secreted to the cultivation broth during the carbon-starving 432 
periods was monitored in order to be able to describe the evolution of product increase along 433 
the period within glucose is depleted. This monitoring was performed during all the starving 434 
periods of the feeding strategy A, therefore non-fed periods of 1 h. The average of the time-435 
evolution increase of Fab secreted is presented in Fig. 7, where the increment every 20 min is 436 
represented in percentage respect to the total increase of secreted Fab during the studied 437 
period. The observed curve can be fitted to a first-order kinetics in which an important 438 
fraction of the total secreted Fab during the whole period is released during the first 20 min, 439 
corresponding to the time constant of the first-order system. Consequently, in order to achieve 440 
the best results for all the productivity rates, the carbon-starving periods longer than 30 min 441 
should be avoided since the increase of production after 30 min of no feeding is relatively 442 
small. 443 
The distribution of the Fab expressed by the recombinant P. pastoris strain among the 444 
different cell fraction mentioned above in previous sections (SCF and IMF) was also 445 
determined for fed-batch cultures implementing this innovative strategy. In this case the aim 446 
was to determine the cause of the Fab increment observed in order to identify if the Fab 447 
increase detected in the broth during the non-fed period is due to the synthesis of new protein, 448 
or to the release of protein previously expressed during the growing phase but retained 449 
intracellularly as a result of a possible saturation of the secretory pathways. The distribution 450 
of Fab among the different cell fractions and the gradual increase of Fab levels along the 451 
successive carbon-starving periods of the fed-batch cultivation performed applying the 452 
feeding strategy C is shown in Fig. 8. Although moderate increases of Fab levels were 453 
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detected after each starving period, no significant differences were observed on the 454 
extra/intracellular distribution of Fab.  455 
Therefore, it could be concluded that the increase of secreted Fab is due to the fact that during 456 
the non-fed period the yeast is still able to synthetize recombinant proteins driven by PGAP 457 
upon short-time depletion of glucose. It has been widely reported that yeasts are sensitive to 458 
the level of nutrients such carbon and nitrogen sources, which allows them to adapt readily to 459 
changing nutritional states [48,49]. Early studies in the field described an overall decrease of 460 
protein synthesis levels for carbon-starving conditions due to a global inhibition of the 461 
translational capacity of the cells [50]. Nevertheless, recent works have concluded that, 462 
although the overall expression levels of proteins is reduced, combined complex mechanisms 463 
of transcription and translation regulation lead to an expression increase of many genes whose 464 
products promote adaptation to low glucose environments [51,52]. Thus, even though cells 465 
starving are likely to have lower flux through the glycolysis due to the lack of glucose in the 466 
medium, the transcription and translation levels of the glycolytic genes could be upregulated 467 
in order to be able to give a fast and effective adaptive response to the low glucose 468 
environment. This mechanism could be understood as a cell response to preserve the capacity 469 
for rapid resumption of growth due to a possible glucose return or the starvation signal turn 470 
out to have been a false alarm [51]. Accordingly, since the glycolytic GAP promoter regulates 471 
the expression of the product, the productivity of the recombinant protein could be also 472 
upregulated in carbon-starving conditions. Similar production increases of PGAP-regulated 473 
proteins were described by Baumann et al. under hypoxic conditions [53,54], 474 
As a conclusion, the implementation of carbon-starving periods in fed-batch cultivations can 475 
be considered as a truly step forward in the optimization of recombinant protein production 476 
processes using P. pastoris. In general, the optimization of these bioprocesses depends mainly 477 
on the relationship between product formation and biomass growth. The interdependence of 478 
these factors is of key importance regardless of the selected criterion for the optimization, 479 
both maximizing yield and productivity [7]. In fact, in large-scale industrial fermentation 480 
processes, biomass is frequently considered as an unavoidable waste product but essential, 481 
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due to most of microbial production processes are growth-associated. Furthermore, as in the 482 
case described in this work, very often the higher specific production rates are obtained at 483 
higher specific growth rates [55]. In contrast, it must also be taken into account that the 484 
biomass growth in a bioprocess is limited, which may be due to biological and different 485 
physical restrictions, mainly heat and mass transfer. Often oxygen availability is the most 486 
important limitation for aerobic processes [56]. Thus, lower growth rates lead to longer 487 
fermentation times, and therefore, more product may be generated before the process is 488 
stopped due to system limitations, whenever the specific production rate do not decrease 489 
drastically within the operation range for µ. In fact, a compromise between higher qP and 490 
lower µ arises when productivity and/or product yield are the performance indexes to be 491 
optimized. High values for these indexes result in the reduction of capital and operating costs. 492 
The trade-off between yield and productivity is key in the design of a bioprocess and its 493 
optimal performance.  494 
Consequently, some authors have proposed different approaches to deal with this scenario. 495 
For the system based on PGAP, Maurer et al. [13] implemented an optimal trajectory for 496 
feeding rate that, by controlling the specific growth rate, maximizes the volumetric 497 
productivity with also suitable product yields. Alternatively, Buchetics et al [25], aimed to 498 
improve the ratio between qP and µ, especially for lower µ, by engineering the producer 499 
strain. On the other hand, for processes based on the AOX1 promoter, which have been 500 
extensively used, different alternatives for optimizing the production of some recombinant 501 
proteins can also be found in the literature [57–59].  502 
In the present work it has been proposed a non-complex fermentation strategy that makes 503 
possible at the same time the growth of the yeast at very high specific growth rates and to 504 
prolong the bioprocess. Initially, significant increase of the qP has been described during short 505 
carbon-starving periods respect to fed phases. Therefore, by exploiting this effect, important 506 
overall increases both in productivity and, especially, in total amount of product formation 507 
and yields (YP/S, YP/X) have been described for the bioprocess. This innovative strategy can be 508 
considered as an important operational improvement for the PGAP -based expression system. In 509 
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addition, it has been proposed that the rise of recombinant protein production achieved with 510 
this novel strategy is due to the yeast adaptive response to the environmental stress that leads 511 
to higher synthesis rates of proteins regulated by the GAP promoter during short periods of 512 
carbon starvation, and not to effects related with the saturation of the secretory pathways. 513 
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Figure legends 765 
Fig. 1. Cell disruption of P. pastoris cells by high-pressure homogenisation. A: Cell counting 766 
by flow cytometry used to determine the extent of cell disruption after different passes; ellipse 767 
gate differentiates the whole undamaged cells from damaged and broken cells. B: 768 
Comparison between extent of cell disruption and amount of 2F5 Fab released after different 769 
passes. Error bars indicate standard deviation. 770 
Fig. 2. Release of 2F5 Fab obtained by using the buffers and detergents compared. Error bars 771 
indicate standard deviation. 772 
Fig. 3. 2F5 Fab obtained by using different concentrations of CHAPS and incubation times. 773 
Error bars indicate standard deviation. 774 
Fig. 4. Steady states of chemostat cultures at different specific growth rates. A: Main growth 775 
parameters and rates: glucose uptake rate (qGlu; ); oxygen uptake rate (qO2; ); carbon 776 
dioxide production rate (qCO2; ▲); respiratory quotient (RQ; ) and total Fab production rate 777 
(qP, ). B: Fab distribution among the different fractions studied: Total 2F5 synthetized (); 778 
2F5 Fab secreted to the broth (); 2F5 present in the soluble cytosolic fraction (SCF; ▲); 779 
2F5 present in the insoluble membrane fraction (IMF; ).  780 
Fig. 5. Main features of the implementation of 30’ carbon-starving periods every 3 h of 781 
exponential feeding respect to the standard exponential feeding profiles in fed-batch 782 
cultivations at nominal specific growth rate = 0.15 (h−1). A: Time evolution of the specific 783 
production rate of 2F5 Fab (qP) versus the feeding rate time profile. Solid lines indicate mean 784 
specific rates calculated within feeding and starving periods. B: Comparison of total 2F5 Fab 785 
produced and fed glucose time profile. 786 
Fig. 6. Time profile of the total amount of 2F5 Fab secreted to the fermentation broth by 787 
using the different feeding strategies compared. Standard strategy ( ); Strategy A (); 788 
Strategy B (▲) and Strategy C (). 789 
Fig. 7. Time evolution average of the 2F5 Fab secreted during the successive carbon-starving 790 
 29 
periods. Error bars indicate standard deviation. 791 
Fig. 8. Cell fraction distribution of the 2F5 Fab produced before and after 30 min carbon-792 
starving periods. 793 
Table 1: Summary of the different feeding strategies implemented in fed-batch cultivations 
grown at nominal specific growth rate = 0.15 (h-1). 
Strategy Feeding time periods (h) Starving time periods (h) Total fed-batch time  (h) 
Standard - . 15.5 
A 3 1 20.4 
B 3 0.5 18.1 
C 1.5 0.5 20.4 
 
Table 1
Table 2: Main production parameters obtained by applying the different feeding strategies 
compared. 
 
Strategy Standard A B C 
Feeding time  (h) 15.5 20.4 18.1 20.4 
Fab production (mg Fab) 90.4 105 110 131 
Fab production increase  (%) - 15.7% 21.8% 44.8% 
q
P
 (µg Fab gX
-1
 h
-1
) 35.2 31.4 37.1 36.8 
q
P
 increase (%) - -10.9% 5.40% 4.55% 
Q
P
 (mg Fab V
-1
 h
-1
) 0.73 0.69 0.83 0.95 
Q
P
 increase (%) - -6.20% 12.73% 29.53% 
Y
P/S
 (mg Fab gS
-1
) 0.122 0.146 0.152 0.173 
Y
P/S 
increase (%) - 19.6% 24.7% 41.9% 
Y
P/X
 (mg Fab gX
-1
) 0.245 0.282 0.294 0.359 
Y
P/X 
increase (%) - 15.0% 20.0% 46.6% 
Table 2
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